being evaluated for glaucoma. Segmentation of the macula and measurements of the GCL-IPL complex is prone to error and misinterpretation, especially in eyes with pathology (e.g., agerelated macular degeneration, optic disc edema). Even among healthy eyes, Kim et al (15) found that 40.4% had artifacts in the ganglion cell analysis. Therefore, over a quarter of patients will have artifacts of the RNFL and/or GCL analysis with spectral domain OCT. Being able to distinguish artifact from true disease becomes imperative in the care of the patient and can prevent further unnecessary, expensive investigations. This is a review of the most common artifacts and misinterpretations that can occur in posterior segment OCT for optic nerve and ganglion cell layer analysis. We also discuss factors that influence repeatability of subsequent scans. Lastly, we provide a systematic approach to interpreting OCT analysis.
OPTIC DISC SCAN OPTICAL COHERENCE TOMOGRAPHY ANALYSIS
There can be artifacts in 1) measurement of total RNFL thickness, 2) interpretation of the spatial distribution of the RNFL bundles, and 3) interpretation of optic disc size and cupping. Factors that can confound the RNFL analysis includes wrongly entered age of the patient, poor signal strength, inaccurate segmentation of the retinal layers, long or short axial eye lengths, interindividual differences in the spatial distribution of nerve fiber bundles (developmental), cyclotorsion, peripapillary atrophy, ocular diseases that can cause an artifactual increase in RNFL thickness, and differences in the RNFL thickness among normal individuals. In addition, some of these factors will influence the measurement of the optic disc size, rim diameter, and cup. These are discussed individually.
Age of the Patient
The thickness measurements obtained from OCT machines are compared against age-matched controls in order to identify significant thinning or thickening. With aging, there is a natural attrition of the RNFL (16, 17) . One study demonstrated that the overall mean RNFL thickness on OCT decreases by 0.365 mm for every 1 year increase in age (18) . Therefore, not accounting for age effects can significantly affect the estimate of disease progression (19) . Entering the incorrect date of birth could cause abnormalities in the probability plots of the thickness measurements that could lead to erroneous interpretation.
Errors in Segmentation of the Retinal Nerve
Fiber Layer: Media Opacity, Optic Nerve Edema, and Truncation of Image A reduction in signal strength from a media opacity or optic nerve edema can result in loss of retinal layer features, intraretinal hypodensity, and artifacts in layer segmentation and interpretation. The most common causes of media opacity which reduce signal strength and compromise retinal layer segmentation are dry eye, corneal opacities, cataract, and vitreous opacities. There is a mild decrease in the segmented RNFL thickness associated with decreasing signal strength (20) (21) (22) . Vizzeri et al (22) found a positive linear relationship between signal strength and mean RNFL thickness among healthy patients analyzed with Stratus OCT (Carl Zeiss Meditec). It was found that for each unit of decrease in signal strength, the average RNFL thickness had a corresponding decrease of 2 mm. In addition, improper alignment of the scan on the retina could introduce variability in repeat scans and changes in sectoral RNFL thickness, mostly through horizontal shifts of the scan placement (22, 23) . Once signal strength drops below a value of 7 (10 being maximum) in the Cirrus platform, the segmentation algorithm can sometimes fail and produce large regional errors in the derived RNFL thickness (Fig. 1 ). Other OCT platforms have similar signal strength measurements. Focal media opacities, such as posterior vitreous detachment and hemorrhage, can cause a focal loss of signal strength giving a false appearance of local areas of RNFL drop out that can lower the average RNFL thickness or artificially create segmental areas of thinning.
In addition to media opacity, edema of the retina can have a large effect on the signal strength of the layers under it and hence the accuracy of segmentation by OCT. For example, optic nerve head edema will block the ability to find the full extent of the underlying Bruch's membrane and its termination at the neural canal opening, which can affect the accuracy of the disc area being reported and make it appear larger than its true size (Figs. 2, 3 ).
Significant disc edema will also make segmentation inaccurate due to distortion of the retinal layers by edema (Figs. 2-4 ). Failed segmentation can often be identified as rectangular-shaped areas of absolute loss in the Cirrus RNFL deviation map that do not follow the normal arcuate pathway of the RNFL (Fig. 2) . Careful inspection of the B scans allows this artifact to be recognized. While the Spectralis OCT analysis of the nerve does not currently display a RNFL deviation map, errors in segmentation of the RNFL can be seen by inspecting the B scan (Fig. 4) . Errors in segmentation can also be seen by examining the TSNIT (temporal-superior-nasal-inferior-temporal) RNFL thickness plot, which is available on most commercially available OCT displays (Figs. 2-4) . A RNFL thickness approaching 0 mm on the TSNIT RNFL thickness plot can only be due to segmentation error because prior studies have shown that the RNFL thickness can only drop to approximately 30-40 mm despite long-standing optic neuropathies with no light perception vision because of residual glial cells, retinal blood vessels, gliosis, and nonfunctioning ganglion cell axons that contribute to the RNFL (24, 25) .
A prominent vitreoretinal interface opacity can also cause errors in segmentation of the RNFL thickness (Fig. 4) . All OCT algorithms attempt to identify the internal limiting membrane as the upper boundary of the RNFL. Occasionally a prominent vitreous opacity will be incorrectly identified as This patient has normal tension glaucoma, left eye . right eye, and asteroid hyalosis in the right eye (upper left image) that has reduced the signal strength to 6/10 (red arrow). This causes an inferior regional error of segmentation of the RNFL thickness, which can be seen as black rectangular areas of absolute thinning on the RNFL thickness map (red arrowhead). Only a small portion of this segmentation error intersects the RNFL circular scan and has an effect on the RNFL thickness (RNFL deviation map, black arrow), which can be seen as a disruption of the normal segmentation on the RNFL circular tomogram (red vertical arrow). This causes an artificially low inferior quadrant RNFL thickness in the right eye, especially at the 5 o'clock position. RNFL, retinal nerve fiber layer.
FIG. 2.
Significant optic disc edema will cause errors in segmentation on OCT due to distortion of the retinal layers surrounding the optic nerve. This patient presented with Frisen-grade 4 papilledema in both eyes from idiopathic intracranial hypertension (upper images), which led to errors in measuring disc area, rim area, and RNFL thickness on OCT (middle left). The disc area is artificially enlarged in the left eye because the termination of Bruch's membrane is obscured by the edema and cannot be correctly identified as seen in the B scan (red arrow). The RNFL thickness is underestimated because of the incorrect segmentation of the temporal RNFL in both eyes and a small portion of the nasal RNFL in the left eye, which is apparent as absolute defects (black rectangles) within the RNFL thickness map that do not follow the anatomical distribution of the RNFL arcuate bundles (red arrowheads). This occurs because of a decreased ability to accurately segment the layers due to the disc edema (temporal RNFL, both eyes, white arrows) and decentering of the RNFL data on the z-axis resulting in truncation of the scan, which can be seen on the B scan (nasal RNFL, left eye, black arrowhead). A nonphysiologic decrease in the RNFL thickness to 0 mm temporally on the RNFL temporal-superior-nasal-inferior-temporal thickness plot can be seen in both eyes (blue arrow). In addition, the disc edema causes an error in segmentation of the GCL-IPL complex in the left eye (middle right, black arrow). Note the unusual distribution of the GCL-IPL thickness on the color map of the left eye, providing a clue that the algorithm is failing. The Iowa Reference lgorithm, which utilized 3-dimensional information, shows accurate segmentation of the GCL-IPL complex of both eyes (lower images). OCT, optical coherence tomography; RNFL, retinal nerve fiber layer. the internal limiting membrane, which will result in an artifactually thickened RNFL measurement.
Errors in segmentation of the RNFL also can occur from decentering of the scan in the z-axis, which can cause truncation of the image, resulting in areas of absolute loss on the RNFL thickness plot. This is particularly a problem in patients with significant disc edema, tilted optic nerves, or significant cupping because the peripapillary RNFL may be difficult to capture on a single B scan due to the differences in height between the opposite sides of the circular RNFL scan (Figs. 2, 3, 5) . Examination of the B scans will demonstrate an area of the scan that is truncated. This artifact can be reduced by ensuring that the data are well centered on the z-axis during acquisition.
Effects of Refractive Error and Axial Eye Length on the RNFL Thickness
Above average axial eye length, typically associated with high myopia, is associated with a thinner RNFL compared to the normal population. This is important because the normal population database used by the manufacturer specifically excludes subjects with a high refractive error FIG. 3 . OCT 3 months after medical treatment for IIH of patient shown in Figure 2 now shows accurate segmentation of the RNFL, disc size, and GCL-IPL with some residual loss of the RNFL and GCL-IPL thicknesses. GCL-IPL, ganglion cell layer-inner plexiform layer; OCT, optical coherence tomography; RNFL, retinal nerve fiber layer.
FIG. 4.
Spectralis OCT with artifacts in the RNFL thickness. A. this patient presented with bilateral asymmetric papilledema with Frisen-grade 3 disc edema of the right optic nerve and very mild disc edema of the left optic nerve. Segmentation error of the RNFL is seen on the B-scan of the right eye (red arrow), which causes a nonphysiologic decrease in the RNFL thickness toward 0 mm inferiorly on the RNFL temporal-superior-nasal-inferior-temporal thickness plot (red arrowhead). B. A repeat OCT 1 month later shows less segmentation artifact of the RNFL in the right eye. However, the left eye at 1 month shows a significant thickening RNFL thickness due to errors in identifying the internal limiting membrane due to prominent vitreoretinal interface opacity, which can be seen on the B-scan (white arrow). OCT, optical coherence tomography; RNFL, retinal nerve fiber layer.
FIG. 5.
Truncation of RNFL data due to decentering on the z-axis. This patient has primary open-angle glaucoma in the left eye and is a glaucoma suspect in the right eye. Displacement of the scan along the z-axis (decentering) causes the nasal portion of the inner retina to be truncated in the right eye (B scan and RNFL circular tomogram in lower left panel, red arrows). This results in regional errors in the derived RNFL thickness, which can be seen as irregular black rectangular areas of absolute thinning on the RNFL thickness map (red arrowhead). This truncation of the data causes an artificially low RNFL thickness in the superior and nasal quadrants in the right eye. The left eye also has areas of superior artifactual absolute thinning on the RNFL thickness map (black arrowhead) from z-axis truncation, but is not seen on the B scans and does not affect the measured RNFL thickness because the scan circle around the optic nerve does not encompass this area of artifact as can be seen on the RNFL deviation map (black arrow). Both eyes are predisposed to this z-axis truncation because of the presence of a mild posterior staphyloma. RNFL, retinal nerve fiber layer.
(usually encompassing spherical equivalent between -5.00 and +5.00). In addition, the effect of large refractive errors and associated long or short axial eye length may go unrecognized in patients who have undergone refractive surgery or cataract extraction with intraocular lens implantation.
Patients with myopia have an increased risk of developing glaucoma (26) , and, therefore accurate measurements of the RNFL are important. The ability to detect glaucomatous optic neuropathy in myopic patients by RNFL measurements is more difficult compared to emmetropic patients (27) . There are multiple studies showing that the average peripapillary RNFL thickness decreases with myopic refractive error and increased axial eye length, while the disc area is underestimated ( Fig. 6) (16, (28) (29) (30) (31) (32) (33) (34) (35) . In addition, patients with hyperopia and shorter axial eye lengths show an increase in RNFL thickness and an overestimation of optic disc area on OCT (31) . These findings are attributed to ocular magnification effects of axial eye length, except in pathological myopia, where true retinal thinning may be present. When adjusting for ocular magnification, the negative correlation between these OCT measurements and both axial eye length and refractive error is lost (28, 31, 36) . In fact, the average corrected RNFL thickness and optic disc area may increase with increasing axial eye length when ocular magnification is taken into account (28, 36) . The finding of a truly larger optic disc area with high myopia and smaller optic disc size with high hyperopia is found with analysis of fundus photos as well (37, 38) .
The association between refractive error and changes in optic nerve head size and RNFL thickness in OCT measurements is entirely attributed to axial length-induced ocular magnification, rather than any effects of refractive error itself. There is a correlation between spherical equivalent and these parameters, but this is due to the strong correlation between refractive error and axial eye length. Prior studies have demonstrated no change in RNFL thickness after refractive surgery for myopia (31, 39, 40) . However, because of the strong correlation between refractive error and axial eye length, high refractive error can be used as a surrogate for an abnormal axial eye length to determine if there is likely a significant ocular magnification error introduced in the OCT measurement. For example, Kang et al (28) found that in eyes with $4 diopters of myopia, the mean circular peripapillary scan magnification was increased to greater than 5%. This would significantly underestimate the true RNFL thickness and optic nerve head measurement in high myopes (28) . Because the effects of axial-length magnification remain in patients that are postrefractive surgery and pseudophakic, they may be unrecognized and lead to incorrect interpretation of the OCT if their axial eye length is not known.
Because most current OCT machines do not account for ocular magnification, patients with long or short axial eye lengths will have artificially low and high OCT measurements respectively, when compared to the normative database. If the axial eye length is known, the OCT measurements can be corrected with the modified Littmann formula as described by Bennet et al (41) . In the future, a normative database stratified by axial length may be helpful to compare patients with high refractive error. In addition, future OCT machines may provide the ability to measure axial eye length and account for ocular magnification while obtaining measurements.
Association of Refractive Error and Axial Eye Length on the Angular Distribution of the Retinal Nerve Fiber Layer Bundles
In addition to the changes in the overall RNFL thickness, the peaks on the TSNIT (temporal-superior-nasal-inferior-temporal) RNFL thickness plot are shifted temporally toward the fovea in myopes compared to the general population (Fig. 6 ) (28, (42) (43) (44) (45) (46) (47) . This is due to the developmental association of axial myopia or hyperopia with the regional distribution of the superior and inferior arcuate nerve bundles. With increasing myopia, there is an increase in prevalence of a more temporal angle of the arcuate nerve bundles as they enter the nerve head, while increasing hyperopia is associated with a more vertical angle of the entrance of the arcuate bundles into the optic disc. Due to the more temporal shift of the RNFL peaks in myopia, the temporal RNFL thickness may be elevated, while the superior and inferior RNFL thickness may be reported as decreased in myopic patients when compared to the average arcuate bundle distribution of a normative database (28, 34, 35, 43, 44, 46, 47) . A similar situation occurs with hyperopic eyes in which the more vertical angle of the arcuate bundles results in a probability plot returning abnormal RNFL thickness in the location of the expected normal arcuate bundle locations. While the overall average thickness of the RNFL is dependent on axial length-induced ocular magnification, the correlation between myopia and temporal shift of the RNFL peaks and its associated changes in RNFL thickness does not normalize when ocular magnification is taken into account (28, 31) .
The cause for the more temporal location of the RNFL peaks in myopia is still not entirely understood. It has been speculated that there may be temporal dragging of the retina during development secondary to a long axial eye length or from the temporal optic disc tilt that is seen in myopia (28, 34, 42, 44) . Others have proposed that the temporal shift of the RNFL peaks compared to the more emmetropic population may be due to the OCT images taken at a more oblique angle because of the tilted nature of the discs in many high myopes (44, 48) . Interestingly, it has been shown that both the arcuate RNFL peaks and retinal arteries are shifted temporally in myopes and that the angular distribution of the RNFL peaks has a stranger correlation with the position of the retinal arteries than with the axial eye length (46) . The correlation between the RNFL peaks and the arteries are thought to arise from 2 primary mechanisms. First, the arteries themselves contribute to thickening of the RNFL. Hood et al (49) approximated 13% of the overall OCT measured RNFL thickness is directly due to the added contribution from blood vessels within the RNFL. This effect may be most apparent on FIG. 6 . Myopes with long axial eye lengths have a decrease in the image size due to ocular magnification effects leading to a smaller measured disc size and an underestimation of the RNFL thickness. In addition, myopes with long axial eye lengths often have blood vessels and the RNFL arcuate bundles deviated more temporally compared to a normal eye, which causes (continued)
Cirrus-and Stratus-derived RNFL thicknesses where the blood vessel contours are smoothened and, therefore, directly contribute to the measured RNFL. Conversely, in other OCT machines, such as Spectralis, the blood vessels appear as individual humps on the RNFL profile and probably contribute less to the measured RNFL thickness. Second, the spatial pattern of axon distribution can signal the direction of blood vessel distribution within the retina development and branches of the central retinal artery appear to spatially correlate with the thickest bundles of axons (49) (50) (51) . Therefore, the distribution of the retinal arteries can be used to identify patients that may have RNFL peaks in an anomalous location. When evaluating for optic neuropathy, these shifts in the RNFL peaks are important to acknowledge because they can lead to false-positive or false-negative results when interpreting the RNFL profile relative to the expected profile in normal eyes. The temporal shift of the RNFL peaks in myopes could lead to the incorrect interpretation of a superior and inferior arcuate bundle defect in an eye that is normal or could obscure true pathology within the temporal RNFL bundle. The macular GCL-IPL complex may be more immune to these artifacts and therefore may be used to better evaluate optic neuropathy in a patient with large deviations in the pattern of RNFL peaks compared to normal eyes (52) . In addition, shifts in the RNFL peaks can help identify patients that have large differences in axial eye length that can be associated with thinner or thicker average RNFL as discussed above. This is especially important in interpreting OCT scan in patients that are pseudophakic or postrefractive, when the axial eye length is not known.
Effects of Cyclotorsion on the Distribution of the Retinal Nerve Fiber Layer Bundles
Cyclotorsion of the eyes for any number of reasons (including head tilt) will cause an apparent change in the profile of the superotemporal RNFL thickness and the inferotemporal RNFL thickness, with respect to the pattern of the normative database RNFL TSNIT OCT profile (Fig. 7) . This shift of the peaks will lead to false-positive probability plots of both TSNIT and RNFL map when compared to the normative database. Hwang et al (53) found that voluntary head tilt among normal healthy subjects introduced these changes on the RNFL when measured with Cirrus OCT. In a study by Valverde-Megias et al (54) , the fovea location was shifted on Spectralis OCTs obtained from both healthy adults and patients with glaucoma to mimic poor foveal fixation and found that the induced torsion caused a displacement of the peaks and valleys of the RNFL profile and introduced changes in the probability charts. Spectralis OCT software attempts to correct for apparent ocular torsion or head tilt by placing scans on the retina during acquisition in parallel to a line connecting the fovea to the disc or rotated in the case of circular scans to account for apparent distortion. However, it has also been determined that there can be true displacement of the fovea with respect to the nerve head as a developmental variation in normal eyes (55) . Correcting for it in such cases will introduce an error in the profile of the distribution of retinal nerve fiber bundles. We have recently noted that cyclotorsion from motility abnormalities, such as skew deviation or fourth nerve palsy, will also introduce shifts in the RNFL peaks and cause false positives and localized areas of artifactual thinning when compared with the normative database on the TSNIT and RNFL maps (56) . Interestingly, the amount of shift of the peaks correlated with the expected cyclotorsion based on clinical measurements and fundus photography, allowing the amount of displacement in the superotemporal and inferotemporal RNFL bundles on OCT to be used to measure the amount of torsion (Fig. 7) .
Peripapillary Atrophy
Peripapillary atrophy may, in some cases, interfere with the segmentation of the RNFL although this occurred mostly with segmentation algorithms of time-domain OCT, such as Stratus OCT. When this took place, it was usually due to the inability of the segmentation software to accurately align and register the A scans along the retinal pigmented epithelial border, which adversely affects segmentation of the retinal layers (57) . This is clinically important because peripapillary atrophy is found more commonly in glaucomatous patients. Jonas et al (58) found b-zone peripapillary atrophy in 62.4% in primary open-angle glaucoma patients and 84% in normal tension glaucoma patients compared to 15% among normal patients. Fortunately with the advent of newer spectral domain OCT, the inaccuracy of segmentation caused by peripapillary atrophy with time-domain OCT is markedly reduced (57) .
Artificial Increase in Retinal Nerve Fiber Layer Thickness
Gliosis of the optic nerve and retinal axons following optic nerve damage can result in an increase in RNFL thickness despite significant atrophy of axons. In such cases, the macular GCL-IPL complex will show atrophy while the peripapillary an increase in the temporal RNFL thickness and a decrease in the superior and inferior RNFL thicknesses. This patient is a 28D myope and has an artifactually low RNFL average thickness. In addition, the RNFL peaks and arteries are shifted temporally resulting in thinning of the superior and inferior RNFL thickness analysis. The superior and inferior arcuate bundles (green open arrows) are more temporally displaced on the RNFL thickness maps compared to a normal patient (black arrows). The temporal shift of the RNFL peaks can also be seen by examining the temporal-superior-nasal-inferior-temporal RNFL thickness profile plot and comparing the superotemporal and inferotemporal peaks of both eyes (red arrows) to the normal population shown in green (black arrows). Note how the shift in location of the peaks causes apparent abnormal red areas (less than or equal to the first percentile of normal) in the probability maps and sector plots. RNFL, retinal nerve fiber layer.
FIG. 7.
Cyclotorsion of the eyes will introduce a shift of the RNFL peaks with respect to the normative database RNFL TSNIT profile that can lead to false-positive probability plots of both TSNIT and RNFL when compared to the normative database. This patient had a right fourth nerve palsy causing significant excyclotorsion of the right eye, which was measured at 17°on double (continued)
RNFL can be thickened due to the gliosis (Fig. 8) . The presence of a myelinated nerve fiber layer can also lead to an increase in RNFL thickness that can lead to an overestimation of the number of axons in the corresponding location (Fig. 9) . Acute edema of the inner retina due to artery occlusions can cause an increase in RNFL thickness associated with a hypodensity in the outer retina due to signal attenuation in this layer. Epiretinal membranes, if present, are usually incorporated into the segmented RNFL and can cause an artificial increase in RNFL thickness that can obscure pathologic loss of axons (14) .
Interindividual Differences in the Thickness of the RNFL in Normal Eyes
Because patients are compared against a normal populationderived probability plot, individuals who are born with a greater or lesser thickness of their RNFL may cause an underestimation or overestimation of acquired axon loss based solely on the probability plot. Interocular asymmetry may help overcome this in cases of unilateral disease (Fig. 10 ). In addition, temporal and nasal bundles are normally thin relative to the arcuate bundles and their thickness can vary between normal subjects; this makes it more difficult to detect significant thinning in the temporal and nasal clock-hour sectors based on the probability plot. Because of the RNFL in the papillomacular bundle is normally thin and varies among individuals, it takes a large amount of damage and thinning for this layer to drop between the normal range. Compounding this problem is that the RNFL has a small dynamic range of potential thickness. In contrast, the retinal ganglion cell layer is thickest in the macula where the soma is located, which corresponds to the temporal RNFL bundle due to multiple layers of retinal ganglion cells. This explains why the ganglion cell-inner plexiform layer (GCL-IPL) complex is thickest in the macula, has a larger dynamic range than the RNFL in the papillomacular bundle, and provides a more sensitive measure of neuronal loss in the papillomacular bundle.
Optical Coherence Tomography Interpretation of Optic Disc Area, Rim, and Cup
The determination of the disc area by its borders is defined by OCT using the termination of Bruch membrane and is subject to inaccuracies when the signal strength at this location is reduced. This may occur in the setting of media opacities and also with different causes of disc edema, including papilledema, acute anterior ischemic optic neuropathy (AION), and pseudopapilledema (with or without drusen). This can cause the segmentation algorithm to report a disc area larger than its true size because the termination point of Bruch membrane and its termination at the neural canal opening is inaccurately located more proximally by the software due to loss of signal and structural features at its distal location, bordering the neural canal (Figs. 2, 3) . Averaging of B-scans during image acquisition and the use of enhanced depth penetration can improve signal strength and increase segmentation accuracy of the neural canal and hence, disc area. The determination of rim location and rim area is determined by segmentation software, which finds the location along the inner retinal surface of the cup that is the shortest distance from the end of Bruch membrane. Therefore, errors in determination of the border of the neural canal (disc area) will adversely affect the determination of the rim location because it is relative to this measurement (Figs. 2, 3) .
Determination of the cup-to-disc ratio not only depends on correct segmentation of the disc border, but also on the size of the optic disc. Subjects who are born with large neural canals (large discs, including megalopapilla) and small neural canals (small discs, including optic nerve hypoplasia) that are outside the normative range may cause inaccurate designation of an abnormal cup. For example, a small optic nerve will appear congested and have nasal elevation of the disc, often referred to as a "little red disc," and can be mistaken for disc edema (59) . OCT analysis of the nerve demonstrating a small disc diameter with a normal RNFL thickness can help differentiate pseudopapilledema from true papilledema (Fig.  11) . Alternatively, a large optic disc can lead to a large cupto-disc ratio that may not be pathologically acquired and may represent physiological cupping (Fig. 12) . As a consequence, patients labeled as glaucoma suspects based on their large cup-to-disc ratio may be more accurately diagnosed as normal if their optic disc area is shown to be larger than normal based on the OCT-derived measurement.
MACULAR GANGLION CELL-INNER PLEXIFORM OPTICAL COHERENCE TOMOGRAPHY ANALYSIS

Macular Ganglion Cell-Inner Plexiform Layer Thickness
OCT segmentation algorithms have recently instituted segmentation of the retina GCL-IPL layer complex within the macula. The ganglion cell layer contains the cell bodies that give rise to the axons that make up the RNFL and optic nerve. Thinning of the GCL-IPL layer in the macula has Maddox rod. The excyclotorsion of the right eye can be seen on the OCT macular thickness map superimposed on the OCT fundus image and can be quantified by triangulation (top images). This introduced an artifactual superior arcuate area of thinning on the probability map with respect to the normative database (red arrowhead) because of the temporal shift of the superotemporal peak, which can also be seen on the TSNIT plot (red arrow indicates shifted peak, black arrow indicates the normal location of the superotemporal peak). In addition, the magnitude of the shift of the peak compared to the normative database equaled the amount of excyclotorsion measured by triangulation on the fundus photo and clinically on double Maddox rod. OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; TSNIT, temporal-superior-nasal-inferior-temporal.
FIG. 8.
Artificially increased RNFL thickness from gliosis of the nerve. This patient has no light perception, right eye and 20/400, left eye, secondary to bilateral orbital apex/cavernous sinus meningiomas. Despite worse vision in the right eye, the RNFL thickness is greater in the right eye compared to left eye secondary to optic nerve gliosis (although both show thinning of the RNFL). The gliosis of the right optic nerve causes the neuroretinal rim to be thicker (red arrow) than the general population (black arrow). In addition, the B-scan through the right optic nerve shows an elevated optic disc with no cup because of the gliosis (bottom image, red arrowhead). The extent of the damage to the right optic nerve is seen in the profound thinning of the macular GCL-IPL thickness. GCL-IPL, ganglion cell layer-inner plexiform layer; RNFL, retinal nerve fiber layer.
FIG. 9.
Artificially increased RNFL thickness from myelinated nerve fiber layer. This patient has primary open-angle glaucoma resulting in optic nerve cupping and thinning of the RNFL. The prominent nasal myelinated nerve fiber layer in the right eye results in a thickened RNFL that obscures thinning of the RNFL from the patient's underlying glaucoma. The RNFL thickness map shows the normally positioned superotemporal and inferotemporal arcuate bundles and also an irregular elevated RNFL nasal to the disc (red arrowhead) due to the myelinated nerve fiber layer. The myelinated nerve fiber layer leads to an elevated nasal peak on the temporal-superior-nasal-inferior-temporal plot (red arrow), which causes the nasal RNFL thickness to be thicker than the general population and is therefore shown in white on the RNFL quadrant analysis (black arrow). RNFL, retinal nerve fiber layer.
been found to correlate with visual loss and corresponding loss of visual field sensitivity from optic nerve diseases such as glaucoma, optic neuritis, ischemic optic neuropathy, hereditary optic neuropathy, toxic optic neuropathy, optic nerve glioma, and idiopathic intracranial hypertension (4) (5) (6) (7) (8) (9) (10) (11) (12) .
Perhaps the most intriguing use of the macular GCL-IPL thickness is in the evaluation of neuronal loss in the presence of optic disc edema. Disc edema and associated increase in RNFL thickness prevent accurate assessment of concomitant axonal loss by OCT due to the significant swollen axons of the optic nerve. This is commonly seen in papilledema or optic disc edema associated with acute and subacute ischemic optic neuropathy and optic neuritis. The problem can be theoretically overcome by analyzing the   FIG. 10 . Interindividual differences in the thickness of the RNFL in normal eyes. This patient suffered nonarteritic ischemic optic neuropathy in the right eye 4.5 months before these photographs. The RNFL in the right eye is still in the normal range compared to age matched control, but 30 microns thinner than the left eye, which was unaffected. This is because his baseline RNFL is thicker than the average population, which masks the thinning of the RNFL in the right eye when compared to the general population. The left unaffected eye has a RNFL average thickness shown in a white box (black arrow) and has white filled sectors in the RNFL probability thickness plots (lower left panel) indicating a thickness greater than or equal to the top 5 percentile of normal. The RNFL symmetry analysis can help identify patients with unilateral optic neuropathy (red arrow). In addition, the GCL-IPL analysis of the macula demonstrates the severe thinning of the ganglion cell layer in the right eye (lower right image), which correlates with the patient's significant vision loss. GCL-IPL, ganglion cell layer-inner plexiform layer; RNFL, retinal nerve fiber layer.
FIG. 11.
A small optic nerve can appear elevated nasally and give the appearance of optic disc edema. This patient was referred for evaluation of possible papilledema. Fundus photography demonstrates small optic discs with nasal elevation, without obscuration of the vessels. OCT of the optic nerve demonstrates a small disc area and a normal RNFL thickness in both eyes, confirming the suspicion for pseudopapilledema. OCT, optical coherence tomography; RNFL, retinal nerve fiber layer.
FIG. 12.
A large optic nerve can give the appearance of an enlarged cup-to-disc ratio. This patient was referred for evaluation of presumed glaucomatous optic neuropathy. Fundus photography demonstrates large optic nerves with large cup-disc ratios. OCT of the optic nerve demonstrates a large disc area of almost 3 mm 2 with a relatively normal average RNFL thickness. Note that the abnormal RNFL probability map for the superior arcuate sector in the right eye and the inferior arcuate sector in the left eye are due to the more vertical angle of entry of these arcuate bundles, which is evident on the color thickness map plot and the vertical angle of entrance of the arterial branches corresponding to these bundles. This confirms the diagnosis of megalopapilla, which causes an enlarged cup-to-disc ratio in the absence of true glaucomatous optic neuropathy. OCT, optical coherence tomography; RNFL, retinal nerve fiber layer.
inner layers of the macula, specifically the GCL-IPL complex (60) . Unfortunately, the commercially available segmentation algorithms are prone to segmentation failures of the GCL-IPL complex, especially when there is low signal strength, optic nerve edema, or structural abnormalities in the outer retinal layers (which affects segmentation of the inner retinal layers) (61) (62) (63) . One sign of inaccurate inner layer segmentation is the appearance of nonpathologic FIG. 13 . Errors in segmentation of the GCL-IPL complex. This patient has ocular hypertension with normal automated fields, but the GCL-IPL thickness was artificially decreased due to errors in segmentation. This can be seen as spokes of blue "thinning" in the thickness map or "propeller sign" (red arrows). The minimum thickness of the GCL-IPL thickness is less than 40 mm in both eyes (black arrow), which is also often an indication of an error in segmentation, especially when the average GCL-IPL thickness value is significantly greater than the minimum thickness (e.g., 68 microns vs 22 microns for the right eye shown here). GCL-IPL, ganglion cell layer-inner plexiform layer.
shapes in the thickness and probability maps, such as a corner of abnormal thinning (Figs. 2, 3) . Errors in GCL-IPL segmentation can also often appear as segments of blue (thinning) on the thickness map in the shape of spokes on a wheel ("propeller sign" in Fig. 13) . A GCL-IPL reading of less than 40 mm is also typically indicative of areas of segmentation error. On the B-scan, the algorithm's identification of the boundaries of the ganglion cell layer and inner plexiform layer often collapse together in the areas of artifact, producing an artifactual thinning (Figs. 2, 3) . More robust 3D segmentation algorithms available in research are able to overcome these segmentation errors (Fig. 2) (12) .
Interindividual Variation in Retinal Ganglion Cell Thickness Across the Macula
Within the macula, the most variation in thickness among normal eyes is in the perifoveal location due to a wide variation in thickness profile of the inner retina immediately surrounding the fovea. Therefore, an abnormal probability map in the perifoveal location should be scrutinized carefully and correlated with the clinical exam and functional tests. It is important to ensure that the fovea was correctly identified and centered by the OCT analysis; otherwise, artifactual thickening and thinning of the retina will be displayed as abnormal. However, true atrophy of the GCL-IPL may also cause perifoveal thinning and enlargement of the foveal depression, making it difficult to differentiate focal pathological thinning in the perifoveal inner retina compared to normal variation in thickness in this location.
REPEATABILITY
The repeatability of scans is dependent on a number of factors. It is important to scan the same retinal location with each subsequent examination. Comparing slightly different retinal areas of a scan can lead to an increase in variability, especially in pathologic eyes such as those with macular or optic nerve edema. Many OCT machines have the capability of registration, which will match each subsequent OCT image to a reference baseline scan using landmarks such as the position of retinal vessels and the location of the optic disc. This has been demonstrated to decrease the variability between subsequent scans (2). In addition, newer OCT machines have implemented a gaze tracker, which improves repeatability of subsequent scans. Faster scanning, as will become available with swept source OCT, will also improve reproducibility since retina movements occurring during scans acquired at a faster rate will have less influence.
It is important to note that measurements from different OCT machines cannot be compared directly for a given patient (2, (64) (65) (66) (67) (68) . Different OCT machines provide different thickness measurements because of the differences in the way the scans are obtained, which includes scan speed and number and density of scans obtained. In addition, the commercially available OCT machines each have their own different, proprietary algorithm that may segment the layers differently. For example, Stratus OCT measures the total macular thickness with boundaries between the internal limiting membrane and the hyper-reflective band corresponding to the interface between the inner and the outer segment of photoreceptors while Spectralis OCT uses the boundaries of the internal limiting membrane and the retinal pigment epithelium to measure the total macular thickness of the retina (64) . The differences in the algorithm's defined boundaries of the retina are exaggerated in pathologic eyes, such as choroidal neovascularization from macular degeneration (64) .
In addition to using different reference boundaries to define thickness, the specific algorithm used for segmentation can influence repeatability measurements. Sohn et al (69) analyzed the intervisit variability of Spectralis OCT obtained macular thickness measurements from patients with diabetic macular edema and found that an independent 3-dimensional graph segmentation algorithm, the Iowa Reference Algorithm, had slightly better repeatability compared to the manufacturer Spectralis algorithm when analyzing the same Spectralis spectral domain OCT images.
SYSTEMATIC APPROACH TO INTERPRETING OPTIC NERVE AND GANGLION CELL OPTICAL COHERENCE TOMOGRAPHY SCANS
Much like the systematic approach recommended for interpreting automated Humphrey visual fields, we propose a similar approach to interpreting OCT scans. • Examine the thickness and probability retina maps for the presence of rectangular areas of absolute RNFL loss that do not match the anatomical distribution of RNFL arcuate bundles. Nonanatomical areas of loss typically indicate errors in segmentation
• Compare the fundus image and thickness maps to ensure that the identification of the disc border and cup by OCT corresponds to the clinical estimation.
• Compare the OCT-based fundus image or en face image with the superimposed probability map for evidence of ocular torsion and to assess the angle of exit of the branches of the retinal arteries from the disc, which help predict the distribution of the arcuate nerve bundle locations.
• Examine the TSNIT RNFL plot and make note of whether the location of the peaks correspond to the peaks from the normative database. Common associations with discrepancy: long or short axial eye length, abnormal location of vessels as they exit the disc, and ocular torsion. Local areas with a thickness less than 40 mm are typically due to errors in segmentation unless the patient has longstanding severe optic neuropathy.
Recognize that ocular disease can create errors in segmentation
• The macular GCL-IPL thickness measurement is especially prone to segmentation error, especially in the presence of optic disc edema and outer photoreceptor disease (e.g., macular degeneration). A GCL-IPL thickness less than 40 mm is typically due to errors in segmentation unless the patient has longstanding severe optic neuropathy.
6. Interpretation of subsequent scans for estimating progression of disease
• Measurements from different brands of OCT machines cannot be directly compared.
• Ensure that the same scan location is compared between sequential scans
CONCLUSIONS
OCT has revolutionized the ability to detect subtle optic nerve disease. However, misinterpretation of artifacts on OCT can lead to errors in clinical judgment, where both false reassurance and false concern can be created. Using a systematic approach to OCT analysis allows one to identify and interpret these artifacts. It is important to note that OCT technology is constantly evolving. Much like spectral domain OCT has largely supplanted time-domain OCT, a new method of faster and more detailed imaging, such as swept source imaging, will likely replace spectral domain OCT in the future. New technology will bring new insight into disease processes, but will likely also bring new artifacts that we will need to be prepared to identify and interpret correctly. Regardless of the future changes in OCT imaging, keeping a systematic approach to OCT analysis will allow us to avoid or minimize the clinical misinterpretations of artifacts on OCT.
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